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ABS TRACT 
In response to the premature failure of Rb lamps used 
in Rb atomic clocks onboard Navstar GPS satellites The 
Aerospace Corporation has initiated experimental and 
theoretical investigations into their failure mechanism. The 
primary goal of these studies is the development of an 
accelerated life test for future GPS lamps. 
At this time the primary failure mechanism has been 
identified as consumption of the lamp's Rb charge via direct 
interaction between Rb and the lamp's glass surface. The 
most effective parameters to accelerate the interaction 
between the Rb and the glass are felt to be rf excitation 
power and lamp temperature. Differential scanning 
calorimetry is used to monitor the consumption of Rb within a 
lamp as a function of operation time. This technique has 
already yielded base line Rb consumption data for GPS lamps 
operating under normal conditions. 
In order to insure acceleration methods do not alter 
the mechanism of the Rb-glass interaction detailed surface 
studies yielding information about the mechanism of 
interaction are in progress. It has been found that 
penetration profiles of Rb into pyrex surfaces can be 
analyzed in terms of one-dimensional diffusion models e 
Diffusion eoef ficients may be extracted via these models . 
The surface studies also indicate that Rb exists in at least 
two forms in pyrex, a thin colored surface layer and the 
major colorless penetration camponent. Further experiments 
are in progress to extend these results to a wide variety of 
glasses. 
INTRODUCTION 
Rubidium (Rb) atomic frequency standards are currently in use 
onboard Navstar Global Positioning System (GPS) satellites. The 
premature failure of several of the satellite-borne devices has been 
attributed to the failure of the Rb lamps used for optical pumping in 
the Rb clocks. The Aerospace Corporation has responded to these 
events by initiating investigations into Rb lamp failure 
mechanisms. The primary goal of these studies is to develop an acce- 
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lerated life test to insure the reliability of future GPS Rb lamps. 
The test must be such that its application for a reasonable period of 
time will indicate that under normal operating conditions the Rb lamp 
will function for the required GPS mission lifetime. 
There are several steps involved in developing such an accele- 
rated life test: 
i) Identify the primary lamp failure mechanism 
ii) Determine the factors which accelerate this mechanism and 
quantify their effects 
iii) Insure that the acceleration procedure does not alter the 
failure mechanism . 
In the body of this paper our results in each of these areas are 
discussed . 
I1 . FAILURE MECHANISM IDENTIFICATION 
The GPS Rb lamps are of the standard Bell, Bloom, and Lynch [ l ]  
electrodeless discharge design. The current envelopes, composed of 
Corning 1720 glass, are cylindrical, approximately 1 cm in diameter 
and 2 cm in length. They contain both rare gas buffer, xenon (Xe), 
and an excess Rb metal charge which has a current GPS specification 
of from 300 to 500pg. During operation, the base of the lamp, which 
is its coldest point', is thermostated to the desired temperature to 
maintain constant Rb vapor pressures . 
Several possible failure mechanisms may be proposed. It can be 
suggested that the electronically excited Rb is betng quenched by 
vapor phase impurities prior to radiative emission. These impurities 
result from glass envelope outgassing. Another possibility is that 
outgassed impurities, for example water (HZO) or oxygen ( 0 2 ) ,  react 
directly with atomic Rb converting the lamp's Rb charge to nonvola- 
tile compounds. The consumption of Rb charge through either reaction 
with or diffusion into the lamp envelope is also possible. Finally, 
the actual failure process may be some combination of the above mech- 
anisms . 
A. Quenching of Excited Rubidium 
A number of experimental results indicate that quenching 
of the excited atomic Rb is not significant. Emission spectra from 
both good and failed lamps have been obtained with a 3 / 4  m spectro- 
meter and analyzed over the spectral range from 400 nm to 800 nm. 
Literally hundreds of lines are assigned to either atomic transitions 
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of Xe, Rb, or  trace amounts of potassium and cesium normally found as 
impur i t ies  i n  the  Rb. In  the  f a i l e d  lamps only emission l i n e s  pre- 
s en t  i n  good lamps were observed. No emission l i n e s  from possibly 
outgassed impur i t ies  such as hydrogen (H2), nitrogen (NZ), or  O2 were 
detected.  These r e s u l t s  are cons is ten t  with and absence of quenching 
species . 
Comparisons of emission i n t e n s i t i e s  of t he  Rb 780.0 nm l i n e  and 
the  Xe 823.2 m l i n e  as functions of lamp base temperature fo r  both 
good and f a i l e d  lamps are shown i n  Figure 1. I n  addi t ion ,  the Rb 
vapor pressure curve is  p lo t t ed  on Figure la. A t  low base temper- 
a t u r e  (< 100°C) Xe emission i n t e n s i t i e s  are the  same f o r  both good 
and f a i l e d  lamps. This ind ica t e s  that the  r f  discharge has not chan- 
ged due t o  the  f a i l u r e  of the lamp. The most obvious d i f fe rence  
between the  good and f a i l e d  lamps i s  that: the  Rb emission i n t e n s i t y  
i s  less i n  the  f a i l e d  lamp. The magnitude of t he  i n t e n s i t y  reduction 
va r i e s  among f a i l e d  lamps, depending on how f a r  the f a i l u r e  process 
has proceeded. In  Figure l b  the  f a i l e d  lamp's Rb i n t e n s i t y  i s  nearly 
three  orders of magnitude lover than t h a t  of a t y p i c a l  good lamp. 
A reduction i n  emission i n t e n s i t y  could r e s u l t  from quenching, 
however, ca re fu l  examination of these curves shows conclusively t h a t  
quenching is  not s i g n i f i c a n t  i n  f a i l e d  lamps. If quenching were the 
only process occurring, the  e n t i r e  Rb emission versus temperature 
curve would be expected t o  s h i f t  t o  lower magnitudes. This i s  not 
observed. While the  Rb emission i n t e n s i t y  of t he  good lamp increases  
monotonically ( for  temperatures less 140°C) as the  lamp base temper- 
a t u r e  is increased, t he  f a i l e d  lamp d isp lays  nearly constant Rb in- 
t e n s i t y  over the  20°C t o  70°C range, lhis constant i n t e n s i t y  portion 
of the curve i m p l i e s  the ex is tence ,  i n  f a i l e d  lamps, of a mechanism 
yie ld ing  vapor phase Rb which i s  e s s e n t i a l l y  temperature indepen- 
dent. If r a t h e r  than quenching, a reduced vapor phase dens i ty  causes 
t h e  diminished Rb i n t e n s i t y  f n  f a i l e d  lamps, t h e  r e l a t i v e  magnitude 
of Rb released by the  temperature independent mechanism would be 
s m a l l  compared t o  normal vaporization. It is  speculated t h a t  the  
temperature independent mechanism may involve release of Rb imbedded 
i n  the  g l a s s  v i a  a plasma spu t t e r ing  process. 
A t  temperatures where the  Rb vapor density i s  low enough so t h a t  
self-absorption is not s i g n i f i c a n t ,  (< 100°C), the  emission i n t e n s i t y  
of a good lamp follows the  vapor pressure curve c lose ly .  As t h e  
temperature, T, increases  (above 100°C) the  emission i n t e n s i t y  begins 
t o  drop below the vapor pressure curve due t o  increasing s e l f -  
absorption. However, Rb emission from the  f a i l e d  lamp (110" < 
TG 150") displays no slope change due t o  self-absorption. Since 
self-absorption should not be a f f ec t ed  by quenching it  appears t h a t  
the  vapor density of Rb i n  a f a i l e d  lamp is s i g n i f i c a n t l y  lower than 
i n  a good lamp. A t  approximately 145°C the emission i n t e n s i t i e s  on 
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Figure la change dramatical ly .  lhis happens as the plasma changes 
from a mixed mode i n  which both Rb and X e  are exc i ted  t o  a Rb only 
mode i n  which Rb is pr imari ly  exc i ted .  This' mode change is found to  
be dependent on the  Rb vapor dens i ty .  A t  a spec i f i ed  rf  e x c i t a t i o n  
power the  plasma w i l l  change to  a Rb only mode when the  Rb vapor 
pressure has reached a s u f f i c i e n t  l eve l .  Looking a t  Figure l b  no 
mode change is  observed t o  occur. This is  again cons i s t en t  with a 
reduced Rb vapor dens i ty  i n  a f a i l e d  lamp. 
F ina l ly ,  applying the  in t eg ra t ed  form of the  Clausius-Clapeyron 
equation [2 ]  t o  da ta  of the  type found on Figure 1 allows determin- 
a t i o n  of the  heat  of vapor iza t ion  of Rb i n  both good and f a i l e d  
lamps. For good lamps the  experimental heat  of vaporizat ion is  found 
t o  be 18.1 f 0.3 kcals  per mole. lhe reported value f o r  elemental  Rb 
is 18.11 kca ls  p e r  mole [ 3 ] .  However, f o r  f a i l e d  lamps the  heat  of 
vapor iza t ion  is  found t o  be 23.9 f 0.2 kca l s  p e r  mole. This implies  
t h a t  a l i q u i d  r e se rvo i r  of Rb is not present  i n  the  f a i l e d  lamp. 
Quenching, i f  i t  occurred, would not a f f e c t  the heat  of vaporiza- 
t i on .  Consequently, lamp f a i l u r e  r e s u l t s  from a lack  of Rb r a t h e r  
than its quenching. 
B. Rubidium Reaction with Impuri t ies  
The second postulated mechanism f o r  the  f a i l u r e  of Rb 
lamps i n  the  GPS Rb frequency standard is  the  l o s s  of Rb by r eac t ion  
with spec ies  outgassed from the  g l a s s  envelope t o  form nonvola t i le  
rubidium oxide (RbzO). The most l i k e l y  reac t ions  are, 
2Rb + H20 -f Rb20 + H2 and (1)  
4Rb + 0 -f 2Rb20. (2) 2 
Experiments which t e s t ed  f o r  the  presence of H2 i n  f a i l e d  lamps prove 
t h a t  r eac t ion  with H20 i s  not s i g n i f i c a n t .  Rf-induced emission 
spec t r a  from a series of s tandard lamps containing H2 and Xe were 
analyzed t o  ob ta in  a de tec t ion  l i m i t  of H2 i n  the  presence of the  Xe 
buffer .  Comparison of these  spec t r a  with those of f a i l e d  lamps indi-  
cates t h a t  the  pressure of 3 i n  a f a i l e d  lamp is  less than ;I t o r r ,  
A subsequent removal of the  evolved H2 through e i t h e r  formation of 
rubidium hydride, RbH, o r  permeation through t h e  g la s s  envelope has 
been ru led  out.  RbH is known t o  photodissociate  when exposed t o  UV 
r a d i a t i o n  [ 4 ] ,  such as found i n  abundance wi th in  the  lamp due t o  
numerous Xe t r a n s i t i o n s .  The permeation ve loc i ty  constant  f o r  H2 IS, 
61 is too ,low to  al low f o r  a s i g n i f i c a n t  l o s s  of H2 through the  
g l a s s .  Thus less than lOpg of rubidium could be consumed by t h e  
pos tu la ted  mechanism. 
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The f a c t  t h a t  t he  amount of water desorbed from the g l a s s  enve- 
lope does not consume a s i g n i f i c a n t  amount of Rb has a bearing on t h e  
importance of r eac t ion  2. Todd 171 states t h a t  the  gas evolved from 
g la s ses  of temperatures below t h e i r  sof tening points  i s  pr imar i ly  
water. Todd's s t u d i e s  covered a wide range of g l a s ses  including 
Corning 1720. His r e s u l t s  are also cons is ten t  with da ta  presented by 
Dushman 181 which i n d i c a t e  H20 outgassing is  g r e a t e r  than t h a t  of 
02. A quest ion arises whether O2 outgassing might be p r e f e r e n t i a l l y  
acce le ra t ed  by the  r f  discharge present i n  the  lamp. S tudies  of 
e l ec t ron  bombardment of g l a s s  sur faces  i n d i c a t e  t h i s  bombardment can 
release O2 f 9 ,  101 . However, keV e l ec t rons  were required t o  induce 
s i g n i f i c a n t  outgassing. From spectroscopic  measurements the  average 
k i n e t i c  energy of the  e l ec t rons  i n  the  GPS lamp discharge is estimat- 
ed t o  be less than 1 e V .  I n  l i g h t  of t h i s  information it is s t rong ly  
bel ieved t h a t  i n s u f f i c i e n t  O2 i s  released by the  lamp envelope t o  
consume any s i g n i f i c a n t  amount of Rb. 
C. I n t e r a c t i o n  of Rubidium with Glass 
It has long been reported i n  the  l i t e r a t u r e  t h a t  a l k a l i  
vapors r eac t  d i r e c t l y  with g l a s s  sur faces  [ll-131. Glasses exposed 
t o  a l k a l i  vapors are known to  d i sco lo r  as the  i n t e r a c t i o n  processes 
proceed. Failed GPS lamps d isp lay  t h i s  d i sco lo ra t ion  implying reac- 
t i o n  of Rb with the  g l a s s  envelope. In l i g h t  of t h i s ,  sur face  analy- 
sis techniques have been appl ied t o  lamp envelopes. They i n d i c a t e  
t h a t  Rb penet ra tes  many micrometers i n t o  the  g l a s s .  On the  vapor- 
exposed sur face  the Rb's chemical form is found t o  be similar t o  t h a t  
of an oxide o r  s i l icate ,  again implying r eac t ion  with the  g l a s s .  In  
l i g h t  of these  r e s u l t s ,  it is believed t h a t  the  p r imary  f a i l u r e  mech- 
anism i n  GPS lamps is the  consumption of Rb v i a  i t s  d i r e c t  interac-  
t i o n  with the  l amp ' s  g l a s s  envelope. The mechanisms of t h i s  in te rac-  
t i o n  are discussed i n  terms of the  sur face  ana lys i s  s t u d i e s  i n  Sec- 
t i o n  I V .  
I11 . ACCELEKATION PARAMETERS AND QUANTIFICATION OF R U B I D I U M  CONSUMP- 
T I O N  
A. Accelerat ion Parameters 
With the  i d e n t i f i c a t i o n  of the  p r imary  f a i l u r e  mechanism 
it i s  poss ib le  t o  suggest parameters t o  acce le ra t e  the  mechanism. 
Tko such parameters under cur ren t  i nves t iga t ion  are lamp temperature  
and r f  e x c i t a t i o n  power. Whether the  i n t e r a c t i o n  is  a s imple  reac- 
t i o n  whose rate is  dependent on a rate cons tan t ,  k, or  a more compli- 
cated process involving d i f f u s i o n  e f f e c t s  charac te r ized  by a d i f fu -  
s i o n  c o e f f i c i e n t ,  D, the  temperature would be expected t o  p l a y  an 
important r o l e .  
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In the simplest approximation, rate constants, in general, 
obey the following proportionality, 
k a exp (-AEIRT) (3 )  
where AE is the activation energy for the reaction of interest, R is 
the gas constant, and T is the absolute temperature. Over limited 
temperature ranges (several hundred "C) diffusion coefficients have 
been found to obey a similar proportionality, 
D a exp (-Q/RT) (4) 
where Q is an effective activation energy for the diffusion 
process. For both k and D, increasing temperature increases their 
magnitudes and due to their exponential relation to temperature this 
increase may be rapid. An increase in temperature may increase the 
interaction between Rb and glass in an additional manner. A higher 
reservoir temperature will cause a higher Rb vapor density resulting 
in the more rapid consumption of Rb via either a reactive or diffu- 
sive mechanism. 
To aid in understanding the effects of rf excitation power and 
the plasma itself on the interactions of Rb vapor with the lamp enve- 
lope theoretical modeling of the plasma has been carried out. This 
model assumes electron production takes place in the lamp plasma by 
electron impact with Rb atoms. Electron loss is assumed to occur via 
ambipolar diffusion t: the wall and subsequent recombination of elec- 
trons and ions. With these assumptions rate equations for the popul- 
ations of the atomic and ionic Rb species may be set up. Solution of 
those equations in a cylindrical geometry yields atomic Rb and elec- 
tron densities as a function of radial position. %e salient results 
of these calculations are shown in Figure 2 [14]. 
In Figure 2a and b the left-hand ordinate describes the elec- 
tron density while the right-hand ordinate gives the Rb density. The 
glass wall occurs at r = 4 mm. In the absence of the Rb discharge 
the distribution of Rb atoms is given by the dashed lines. In Figure 
2a, for 0.3  W/cm rf power the calculation yields a Rb atom density at 
the wall of approximately 3.5 x d4 atoms/cc. This is 3.5 times the 
nonplasma density of 1 x 1014 atoms/cc. The results for an rf excit- 
ation power of 3 W/cm are shown in Figure 2b. In this case the pre- 
sence of the plasma increases the wall Rb atom density by more than a 
factor of nine over the nonplasma density. It is seen that with 
increasing rf power into the plasma the concentration of Rb at the 
lamp wall also increases. This higher density will accelerate the 
consumption of Rb whether the interaction mechanism is reaction, 
diffusion or a combination of both. 
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B. Experimental Determination of Rubidium Consumption 
u s e f u l  
l ope  . i n  To 
It is  expected t h a t  both temperature  and r f  power w i l l  be 
a c c e l e r a t i n g  t h e  i n t e r a c t i o n  of Rb with t h e  g l a s s  enve- 
e s t a b l i s h  t h e s e  a c c e l e r a t i o n  e f f e c t s  t h e  base l ine  Rb con- 
sumption rate f o r  GPS lamps ope ra t ing  i n  normal environments must be 
determined. However, i n  o rde r  t o  o b t a i n  t h i s  ra te  it i s  f i r s t  neces- 
s a r y  t o  develop a technique t o  monitor Rb consumption wi th in  a lamp.. 
In  t h e  c u r r e n t  experiments t h e  technique of d i f f e r e n t i a l  scann- 
ing  ca lo r ime t ry  (DSC) has been used t o  determine t h e  amount of Rb 
contained wi th in  GPS lamps. This  technique t o  measure t h e  Rb con ten t  
i n  a lamp w a s  f i r s t  proposed by workers a t  EG SI G, Inc. [15] .  I n  
DSC, sample and r e fe rence  o b j e c t s  are both heated such t h a t  t h e i r  
temperatures  inc rease  a t  t h e  same rate. Heating rates are measured 
i n  OC/min. The instrument  measures t h e  hea t  f low, i n  c a l o r i e s  per  
minute, requi red  t o  main ta in  t h i s  hea t ing  rate f o r  both sample and 
r e fe rence .  The d i f f e r e n c e  between t h e s e  two hea t  f lows is  the  in- 
strument ou tpu t ,  which is  t y p i c a l l y  p l o t t e d  versus  t i m e .  
The sample ob jec t  is  a GPS lamp while t he  r e fe rence  is  a GPS 
lamp envelope con ta in ing  no Rb.  When t h e  mel t ing  poin t  of Rb 
(38.9"C) i s  reached, t he  excess  hea t  requi red  t o  m e l t  t h e  Rb contain-  
ed i n  t h e  sample lamp appears  as a peak on t h e  hea t  d i f f e r e n c e  ve r sus  
temperature  p l o t .  The area of t h i s  peak can be equated t o  t h e  hea t  
requi red  t o  m e l t  t h e  Rb and d i v i s i o n  of t h i s  hea t  by Kb's hea t  of 
fu s ion ,  6.14 cal/gram, y i e l d s  t h e  lamp's Rb con ten t .  F igure  3 is a 
t y p i c a l  DSC curve f o r  a Rb lamp. Rb content  i s  t y p i c a l l y  determined 
t o  f 102 a t  100 1-18 and f 50X a t  10 pg. 
The DSC technique has been app l i ed  t o  GPS lamps ope ra t ing  i n  
both vacuum and normal atmospheric pressure  under s tandard  temper- 
a t u r e  and r f  power cond i t ions .  No s i g n i f i c a n t  d i f f e r e n c e  i n  rate of 
Rb consumption between vacuum and atmospheric ope ra t ion  has y e t  been 
observed. Consequently i n  Figure 4 ,  consumption d a t a  as a func t ion  
of running t i m e  f o r  lamps ope ra t ing  i n  both environments have been 
combined . 
I n  Figure 4 ,  t h e  d a t a  span ope ra t ing  t i m e s  from s e v e r a l  hundred 
hours t o  5,000 hours.  The amount of Rb consumption can be f i t  t o  a 
power r e l a t i o n  of t h e  form, 
0.54 MRb = 1.1 t , ( 5 )  
where t is t h e  ope ra t ion  t i m e  i n  hours and MRb i s  t h e  amount of Rb 
consumed i n  micrograms 
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Currently, Rb consumption is being monitored for lamps under 
normal conditions, elevated temperatures, and high rf powers to as- 
certain whether accelerated consumption can indeed be induced. At 
this point the result of these studies are still preliminary and will 
not be discussed. 
IV. MECHANISMS OF THE RUBIDIUM-GLASS INTEKACTION 
A. Results of Previous Investigations 
As Rb lamps are subjected to a wider variety of operating 
conditions in an attempt to accelerate the Rb-glass interaction, care 
must be taken to insure the interaction mechanism occurring under 
normal operating conditions is not altered. To accomplish this a 
detailed knowledge of this mechanism must be obtained. Prior to our 
investigations very little work had been aimed at understanding the 
Rb-glass interaction. The majority of alkali-glass studies have 
focused on the sodium (Na)-glass interaction which occurrs much more 
rapidly than Rb-glass processes. It is interesting to note that a 
major rationale of the prior investigations has been the possible 
improvement of alkali vapor lamps. However, virtually none of the 
previous studies has been conducted with an electrical discharge 
present . 
In the case of Na, the concensus is that no single mechanism 
explains its interaction with glass [1618]. Typically, one of two 
effects is observed. The first effect often occurs in glasses with 
high Si02 content. Exposure to Na results in the formation of a 
brown crystalline layer containing nearly 20% Na by weight [16]. The 
edge of this layer is found to advance into the glass at a rate pro- 
portional to the square root of the time of exposure [16], which is 
consistent with a Na-glass reaction limited by a diffusion-controlled 
step [19-201. Elyard and Rawson [12] have suggested several reac- 
tions which are thermodynamically favored resulting in a variety of 
sodium silicates. Using x-ray diffraction, Brinker and Klein [16] 
have shown the crystalline phase was sodium metasilicate (NazSiO3) 
Consequently, they suggest that the most probable of Elyard and 
Rawson's proposed reactions is the following, 
4Na + 3Na20 -4- 6Si02 + 5Na2Si03 ++Si (6) 
= 1583 Kj/mole. AG4000C 
The second effect, typically observed in glasses containing 
less than 7Ox (mole) Sio2 [16], is characterized by a brownish dis- 
coloration of the glass. The discolored glass has apparently not 
undergone any devitrification and the crystalline material observed 
in the first effect is not present. The discoloration is described 
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as advancing i n t o  t h e  g l a s s  wi th  a sharp  boundary [16] . This bound- 
a r y  has a l s o  been observed t o  advance i n t o  t h e  g l a s s  a t  a rate pro- 
p o r t i o n a l  t o  the square r o o t  of t i m e ,  aga in  i n d i c a t i n g  a d i f fus ion-  
c o n t r o l l e d  process .  Brinker and Klein 1161 be l i eve  t h a t  t h i s  process  
i s  the  r e s u l t  of atomic fJa d i f f u s i n g  i n t o  t h e  glass. 
What information may be drawn from t h e  previous s t u d i e s  of t h e  
Na-glass i n t e r a c t i o n s  and appl ied  t o  Rb's i n t e r a c t i o n s  with Corning 
1720? Corning 1720 is a calcium a luminos i l i ca t e  g l a s s  E211 contain- 
i n g  less than  70X (mole) Si02. While t h i s  seems t o  imply t h e  second 
e f f e c t  would be most l i k e l y ,  care must be exe rc i sed .  Corning 1720 
a l s o  con ta ins  aluminum and boron oxides  (A1203 and B203).  The pre- 
sence of t hese  modi f ie rs  can s i g n i f i c a n t l y  a f f e c t  how a g l a s s  reacts 
when exposed t o  Na and most l i k e l y  t o  Rb. Fur ther ,  t h e  parameters of 
g r e a t e s t  i n t e r e s t ,  t h e  rates of Rb consumption, are not  ob ta inab le  
from the  previous Na s t u d i e s .  Consequently, i n v e s t i g a t i o n s  spec i f i c -  
a l l y  aimed a t  understanding Rb-glass i n t e r a c t i o n s  are requ i r ed .  
B. Current Surface Analysis S tudies  
I n  Figure 5, a " typ ica l "  Na pene t r a t ion  p r o f i l e  is  compar- 
ed t o  a Rb pene t r a t ion  p r o f i l e  r e p r e s e n t a t i v e  of those c u r r e n t l y  
being analyzed. &-glass s t u d i e s  gene ra l ly  immersed g l a s s  samples i n  
l i q u i d  Na at  e l eva ted  t eupe ra tu res .  A p r o f i l e  similar t o  Figure 5a 
r e s u l t s  when a g l a s s  sample is  placed i n  4OOOC Na f o r  about  100 
hours .  Due t o  the  r a p i d i t y  of i t s  progress  i n t o  t h e  g l a s s ,  t h e  N a  
p r o f i l e  can be followed us ing  abso rp t ion  spectroscopy,  magnified 
examination of a g l a s s  c r o s s  s e c t i o n ,  o r  w e t  chemical e tch ing  techni-  
ques.  The rate of progress  of t h i s  pene t r a t ion  f r o n t  y i e l d s  the  Na 
d i f f u s i o n  c o e f f i c i e n t .  In  c o n t r a s t ,  t h e  r e a c t i o n  of Rb wi th  g l a s s  
under the  condi t ions  of c u r r e n t  i n t e r e s t  i s  o rde r s  of magnitude slow- 
er than t h a t  of Na. Exposure of g l a s s  t o  Rb vapor,  whose dens i ty  i s  
s p e c i f i e d  by t h e  Rb vapor p re s su re  a t  temperatures  near  2OO0C, f o r  
s e v e r a l  thousand hours w i l l  y i e l d  a Rb p r o f i l e  similar t o  t h a t  i n  
Figure 5b. I n  t h i s  case i t  is necessary t o  ana lyze  t h e  f u n c t i o n a l  
form of the  p r o f i l e  r a t h e r  than the  pene t r a t ion  depth t o  determine 
t h e  d i f f u s i o n  c o e f f i c i e n t .  
1. Secondary Ion Mass Spectrometry (SIblS) S tudies  
To o b t a i n  the  h ighly  accu ra t e  pene t r a t ion  p r o f i l e s  needed 
t o  analyze Rb permeation of g l a s s  t h e  technique of SIMS has been 
appl ied  t o  c ros s - sec t iona l  p ieces  of Rb-exposed lamp walls. In  t h e  
SIMS technique a 1.5 pm diameter  beau of oxygen ions  is  aimed a t  t h e  
sample. Secondary ions  s p u t t e r e d  from t h e  s u r f a c e  are mass spectro-  
m e t r i c a l l y  analyzed al lowing de termina t ion  of elemental composi- 
t i o n .  Our i n i t i a l  tests were performed on Rb lamp wi th  pyrex enve- 
lopes  under plasma and nonplasma condi t ions .  In  both cases lamps 
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were thermostated in oil baths to maintain constant vapor 
pressures. Pyrex was selected for those studies because it is known 
t o  react with alkali vapors. 
Figure 6 shows the raw SIMS profiles of silicon (Si) and Rb for 
a lamp exposed to a plasma discharge. Zero micrometers is the inner 
surface of the lamp wall . The gradual increase of Si and Rb concen- 
trations near zero is due to the finite width of the SIMS beam. 
Treating these data as simple one-dimensional diffusion allows fitt- 
ing them to the form [20] 
C(X,t) = erfc X 
9 m 
where X is the penetration depth, t is the exposure time, 
concentration at the wall, and D the diffusion coefficient 
from the fitting process. 
( 7 )  
Co is Rb 
resulting 
Experimental Rb data along with fit curves for pyrex lamps with 
and without plasma present are given in Figure 7. In both cases the 
diffusion coefficient is approximately 3 x cm /sec. This is in 
good agreement with high temperature diffusion coefficient data [22 ]  
extrapolated into the low temperature regime (about 140OC). 
2 
The SIMS Rb penetration profiles indicate that Rb has penetrat- 
ed many micrometers into the glass. This is particularly clear in 
Figure 7b whose sample was exposed to Rb vapor for a longer period of 
time than that of Figure 7a. The depth of Rb penetration cannot be 
attributed to a smearing of the true profile resulting from the 
finite width of SIivIS ion beam. This beam, which is only approxim- 
ately 1.5 micrometers in diameter, would smear a surface layer to a 
depth of at most 2 micrometers. In fact, in Figure 7b the amount of 
Rb which has diffused beyond 2 micrometers is greater than the amount 
found in this surface region. 
Analysis of the SIMS data yields support for the theoretical 
plasma model. Using only vapor pressure/temperature Considerations 
results in a ratio of the vapor density at the glas surface with 
plasma present, Pp, to the vapor density at the glass surface for the 
nonplasma sample, Pnp, equal to approximately 0.1. However, if the 
plasma model is correct, the vapor density at the glass surface in 
the plasma case should be higher than expected from vapor pressure 
considerations. This could result in a larger P /Pn value. Inte- 
grating the SIMS curves allows determination of !he total amount of 
Rb which has penetrated the glass. Combining these amounts with the 
extracted diffusion coefficients, the known exposure times, and the 
one-dimensional diffusion model allows calculation of the relative 
vapor densities exposed to the glass surfaces with and without plasma 
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presen t .  The experimental  P / P  r a t i o  is  found t o  be approximately 
1 .  The f a c t  t h a t  t h i s  r a t i o  is l a r g e r  than  would be predic ted  by 
only  vapor pressure / tempera ture  cons ide ra t ions  i s  c o n s i s t e n t  wi th  the  
plasma model p red ic t ions .  
P BP 
2. E lec t ron  Spectroscopy f o r  Chemical Analysis (ESCA) Exper%- 
ments 
The chemical form of t h e  Rb wi th in  t h e  g l a s s  has been 
i n v e s t i g a t e d  using ESCA. I n  t h i s  method the  s u r f a c e  of t h e  sample i s  
exposed t o  monochromatic X-rays and t h e  photoe jec ted  e l e c t r o n s  are 
energy analyzed.  The r e s u l t i n g  core  e l e c t r o n  binding ( i o n i z a t i o n )  
ene rg ie s  are c h a r a c t e r i s t i c  of both a given element and i t s  chemical 
form. 
Table I summarizes t h e  c u r r e n t  ESCA r e s u l t s .  Pure rubidium 
hydroxide (RbOH) and Rb20 were analyzed as s t anda rds  Pyrex samples 
exposed t o  Rb were a l s o  analyzed. These pyrex samples had a yellow- 
brown d i s c o l o r a t i o n  as lor,g as they were kept  i n  dry  atmospheres. 
However, upon exposure t o  moist  a i r  they became c o l o r l e s s  i n  a matter 
of seconds. The r a p i d i t y  of t h i s  d i s c o l o r a t i o n  i n d i c a t e s  Rb e x i s t s  
i n  a co lored  form on a t h i n  s u r f a c e  l a y e r ,  probably less than  0.1 pm 
t h i c k .  However, from the  SIMS d a t a  it w a s  seen  t h a t  most of t h e  Rb 
has  d i f f u s e d  i n t o  t h e  g l a s s  many micrometers . Consequently, Rb 
exists i n  a t  least two forms i n  pyrex. The mincr form is a co lored  
s u r f a c e  l a y e r ,  while  t h e  major form extending more deeply i n t o  t h e  
g l a s s  i s  not s i g n i f i c a n t l y  co lored .  The ESCA s t u d i e s  have thus  f a r  
y ie lded  information about t h e  s u r f a c e  l aye r .  P r i o r  t o  water vapor 
exposure t h e  Rb i n  t h e  su r face  l a y e r  of pyrex i s  similar i n  form t o  a 
rubidium oxide o r  poss ib ly  a rubidium s i l icate .  However, on exposure 
t o  moist  a i r  it  becomes RbOH. 
Curren t ly ,  i t  appears  t he  i n t e r a c t i o n  mechanism between Rb and 
a g l a s s  su r face  is not  dependent on whether a plasma is present  o r  
no t .  From t h i s  i t  may be i n f e r r e d  t h a t  vary ing  t h e  r f  power i n t o  the  
plasma w i l l  not s i g n i f i c a n t l y  a f f e c t  t he  na tu re  of t he  Rb-glass in- 
t e r a c t i o n .  This w i l l  be important i f  increased  r f  power does indeed 
accelerate t h e  i n t e r a c t i o n .  Fur ther ,  the na tu re  of t h e  d i f f u s i v e  
mechanism apparent  i n  these  g l a s s  samples should not  be s i g n i f i c a n t l y  
a f f e c t e d  by temperature  changes over several hundred degrees  
Ce l s ius .  Consequently, temperature  should a l s o  be a reasonable  acce- 
l e r a t i o n  parameter.  Addi t iona l  experiments on d i f f e r e n t  g l a s s e s  
inc luding  Corning 1720 a t  e l eva ted  temperatures  and r f  powers are 
c u r r e n t l y  underway t o  f u r t h e r  s u b s t a n t i a t e  t h e s e  s t a t emen t s .  
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Table I. ESCA Results 
Rb OH 
Rb20 
Rb + Pyrex 
Rb + Pyrex 
V. DISCUSS I ON 
kir Exposed 
109.8 f 0.2 
110 -3 
Nan- pla sma 
110.7 
Plasma 
110.5 
109.8 - 
The studies described in this paper represent a systematic in- 
vestigation into the failure mechanisms of one portion of the Rb , 
atomic frequency standard's physics package. The current investiga- 
tions have resulted in the identification of the primary lamp failure 
mechanism along with obtaining baseline Rb consumption data for GPS 
type lamps. Additionally, insights into the mechanisms of the Rb 
consumption process have been gained. These studies will not only 
yield an accelerated life test for the GPS program but also allow 
reliability estimates to be made for Rb lamps. We consider the cur- 
rent investigations to be the first step in understanding the failure 
mechanisms of, and obtaining reliability estimates for, the entire 
physics package of the frequency standard. 
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Figure la. Emission intensities of Rb 7800A line (0) and the 
Xe 8 2 3 2 a  line (0) for a good Rb lamp a s  a function 
of base temperature. (A) a r e  Rb vapor pressure 
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Figure lb. Emission intensities for R b  78002 line (0) 
and Xe 8 2 3 2 a  (0) €or a failed R b  lamp as  a 
function of base temperature 
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Figure 2. Theoretical calculations of Rb and electron densities as 
a function of radial position in a plasma discharge for a)  0.3Wfcm 
and b) 3.0 W/cm excitation power 
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